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Abstract
To gain insights into crystal–melt separation processes during basalt differentiation, we have studied an 8-m-thick
pāhoehoe lava lobe from the Hafnarhraun lava flow field in SW Iceland. The lobe has abundant melt segregations,
porous cylindrical and sheet-like structures, generally interpreted as separated residual melts of a lava lobe. We
divide these melt segregations into three types based on morphology and composition: vesicle cylinders (VC), type 1
horizontal vesicle sheets (HVS1), and type 2 horizontal vesicle sheets (HVS2). Remarkably, the studied VC are not
simple residual melts generated by fractional crystallization, but their composition points to removal of plagioclase
from the parental lava. HVS1 resemble VC, but have fractionated more olivine (ol) + plagioclase (plg) ± augite and
have lost most, if not all, of their olivine phenocrysts. HVS2 are Fe-rich and evolved, corresponding to residual
melts after 50–60% fractional crystallization of the lobe. We suggest that the Hafnarhraun VC formed in a two-stage
process. Firstly, VC forming residual melt and vapor detached as rising diapirs from ol+plg+melt+vapor mush near
the lava base, and later, these VC diapirs accumulated ol phenocrysts and minor plg microphenocrysts in the lava
core. HVS1 represent accumulations of VC to the viscous base of the solidifying upper crust of the lobe, and HVS2
formed as evolved vapor-saturated residual melts seeped into voids within the upper crust. Such vapor-aided differ-
entiation, here documented for the Hafnarhraun lava, may also apply to shallow crustal magma storage zones,
contributing to the formation of evolved basalts.
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Introduction
Magmatic differentiation by fractional crystallization is one of
the key processes of igneous petrology. However, it is not
adequately known how crystals separate from their coexisting
melts in various magmatic systems. Various mechanisms of
crystal–melt separation have been identified. These include
gravitational crystal settling (Darwin 1844), liquid convection
(Sparks et al. 1984), and filter pressing (Philpotts et al. 1996).
It has also been suggested that exsolution of volatiles drives
magmatic differentiation in shallow magma storage zones by
pressing residual melts out of crystal–melt mushes (Anderson
et al. 1984; Sisson and Bacon 1999; Pistone et al. 2015;
Parmigiani et al. 2016). In intrusive bodies, the physical pro-
cesses of crystal–melt separation have proven difficult to
study (cf. Wilson 1993), as the emplacement of differentiated
magmatic intrusions is often complex and may involve mul-
tiple evolutionary stages (e.g., Gibb and Henderson 1992,
2006; Menand 2011). The emplacement mechanism of
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pāhoehoe lavas, however, is well-documented (Self et al.
1998) owing to detailed field observations of effusive erup-
tions (Hon et al. 1994; Hamilton et al. 2013) and abundant
research conducted on solidified pāhoehoe lavas exposed
along eroded cliffs, road cuts, and quarry walls (e.g., Walker
1991; Self et al. 1996; Thordarson and Self 1998; Hartley and
Thordarson 2009). A well-understood emplacement mecha-
nism, robust control on P–T conditions of crystallization,
and limited size make pāhoehoe ideal for the study of
crystal–melt separation in basalts.
Emplacement of a pāhoehoe sheet lobe can be viewed
through a series of steps, outlined herewith (see Hon et al.
1994; Thordarson and Self 1998; Self et al. 1998, for
details). When a lobe of hot molten lava breaks out, either
directly from the transport system (i.e., lava tube) or from
the margins of an existing lobe, its outer surface quenches
against the cold surrounding and envelopes the lobe with a
viscous and stretchable skin. Given that the newly formed stiff
outer layer of the lobe can withstand the pressure of the in-
coming magma, the lobe starts to grow by continued flow of
magma into it. This growth, called lava inflation (Walker
1991), often multiplies the original lobe thickness, so that a
lobe initially some decimeters thick can become several me-
ters high (Hon et al. 1994). During inflation, the upper part of
the lobe gradually solidifies towards the lobe interior. Due to
the internal replenishment in hot magma and efficient insula-
tion provided by the solid upper part of the lobe (cf. Harris and
Rowland 2009), the lobe interiors may stay nearly liquid for
months to years, thus providing a setting for magmatic differ-
entiation to occur.
Solidified pāhoehoe sheet lobes typically consist of three
structural units: basal crust, lava core, and upper crust (e.g.,
Self et al. 1996; Thordarson and Self 1998; Self et al. 1998).
The borders of these units are marked by changes in vesicu-
lation, jointing style, and crystallinity. The basal crust, next to
the quenched base of the lobe, usually contains vesicular
hypohyaline to hypocrystalline lava, often characterized by
elongated, pipe-like vesicles (pipe-vesicle, cf. Walker 1987).
The crystallinity of the basal crust gradually increases up-
wards until the lava transitions to massive, sparsely jointed,
macrovesicle poor and holocrystalline lava core (Self et al.
1998). Above the lava core is the upper crust that is generally
composed of jointed and highly vesicular (e.g., 20–35 vol%
macrovesicles, Thordarson and Self 1998) lava characterized
by repetitive horizontal banding of varying vesicle sizes (Self
et al. 1998). The uppermost surface of the upper crust, usually
few millimeters in thickness, is the quenched glassy top sel-
vage of pāhoehoe that can exhibit “ropy” surface folding. The
critical realization made from these structural units is that the
lava core represents the dominantly liquid part, while the up-
per and basal crusts are the solidifying component of the lobe
that grew in thickness during lobe emplacement (e.g., Self
et al. 1996; Thordarson and Self 1998; Hartley and
Thordarson 2009). The accretion of upper crust occurs
through conductive cooling of the lobe and is continuous
throughout the lobe emplacement (Hon et al. 1994), and
hence, the upper crust can attain the thickness of several me-
ters. In turn, the basal crust is typically thin (10–35 cm) irre-
spective of the height of the upper crust, which has been ex-
plained by magma flux-induced thermal–mechanical erosion
next to lava base (Thordarson and Self 1998; Hartley and
Thordarson 2009).
Besides the primary structural units, many pāhoehoe sheet
lobes host melt segregations, which are vesicular (20–40%)
and chemically distinct structures, typically interpreted as sep-
arated residual melts of the lava lobe (Anderson et al. 1984;
Goff 1996; Rogan et al. 1996; Caroff et al. 2000; Stephenson
et al. 2000; Martin and Sigmarsson 2007; Hartley and
Thordarson 2009; Sigmarsson et al. 2009; Kuritani et al.
2010). Within the lava core, melt segregations occur as verti-
cal vesicular cylinders, i.e., vesicle cylinders (VC) that often
transect the whole lava core from the basal crust to the upper
crust (Hartley and Thordarson 2009; Kuritani et al. 2010). In
turn, near the top of the lava core and in the upper crust,
segregations usually occur as horizontal vesicular sheets,
i.e., horizontal vesicle sheets (HVS), and as fillings in large
vesicles, i.e., in megavesicles (Thordarson and Self 1998).
Melt segregations are typically enriched in incompatible ele-
ments relative to the lava surrounding them and thus crystal-
lized from more evolved liquids (Goff 1996; Martin and
Sigmarsson 2007; Hartley and Thordarson 2009;
Sigmarsson et al. 2009), although VC with more primitive
(magnesian) compositions than the host lava have also been
reported (Kuritani et al. 2010).
At least three physical models have been suggested to ex-
plain the separation of residual melts and formation of VC in
pāhoehoe lavas: vapor differentiation (Goff 1996), Rayleigh–
Taylor instability near the base of the lava (Costa et al. 2006),
and mushy convection (Fowler et al. 2014). In vapor differen-
tiation, coalescence of bubbles near the partly crystalline base
of the lobe results in the formation of proto-cylinders (Manga
and Stone 1994).When these proto-cylinders begin to rise, the
intercrystalline melt within the partly crystalline basal crust
migrates, via gas filter-pressing (Anderson et al. 1984), to-
wards the ascending proto-cylinders (that are regions of low
pressure) and VC are formed. In the Rayleigh–Taylor instabil-
ity model, VC are consequential to accumulation of vapor-
enriched interstitial melt above the crystallizing base of the
lava flow from which VC ascend, if sufficiently stiff and
buoyant, as diapirs to the liquid lava core due to Rayleigh–
Taylor instability (Costa et al. 2006). In the mushy-convection
model, VC are consequential to a positive feedback between
velocity and permeability in crystallizing lava (Fowler et al.
2014). Gas bubble-growth in partly crystalline lava increases
local permeability (increased volume of gas and silicate melt
in relation to crystals), which enhances local buoyant upward
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flow (velocity). This, in turn, concentrates evolved intercrys-
talline melt to the loci of the flow lowering the local liquidus
temperature, and as the lower liquidus temperature decreases
the rate of crystallization, it enhances permeability and up-
ward flow even further (Fowler et al. 2014). This positive
feedback loop may result in VC formation.
Varying models of formation have also been proposed for
HVS. Firstly, they have been interpreted as accumulations of
VC at the base of the downward moving cooling front of the
lava, which is equal to the base of the upper crust (Goff 1996;
Thordarson and Self 1998; Stephenson et al. 2000; Hartley
and Thordarson 2009; Sigmarsson et al. 2009). Secondly, they
have been understood as interstitial melts that fill sub-
horizontal fractures in the upper lava flow (Greenough et al.
1999; Kuritani et al. 2010), comparable to the proposed for-
mation mechanism of segregation sheets in intrusions (Marsh
2002). Thirdly, HVS formation in response to the compaction
of the lava core (Philpotts et al. 1996) has been suggested.
These varying models of segregation formation imply that
(i) the origin and emplacement of melt segregations in
pāhoehoe are not adequately understood and (ii) segregation
structures are possibly formed via several mechanisms. A
quarry in the Hafnarhraun lava flow field, SW Iceland (Fig.
1), offers an outstanding site for investigation of segregations,
as here a thick (7–8.5 m) pāhoehoe lava lobe that hosts abun-
dant VC and HVS is dissected approximately parallel to its
crest by the working face of the quarry. We thus use this site to
describe the segregation structures in detail and compile a
model of differentiation for this lava lobe. We also discuss
the significance of these findings to the improved understand-
ing of related processes of basalt differentiation in crustal
magma chambers.
Geological setting
The neovolcanic rift zones of Iceland are characterized by
abundant tholeiitic to olivine tholeiitic basalts erupted from
fissure segments, lava shields, shield volcanoes, and stratovol-
canoes (Thordarson and Larsen 2007). Pāhoehoe sheet flows
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Fig. 1. Geological map of the post-glacial lava units around the
Hafnarhraun lava field in SW Iceland with the location of the studied lava
lobe marked. Hliðahraun, Búrfell, and Ásar are picritic; the other lava
units are olivine tholeiitic basalts. Topographic contours are at 100 m
intervals. Glaciers and currently active volcanic zones of Iceland are
shown in inset, SVZ = Snæfellsnes Volcanic Zone, WVZ = Western
Volcanic Zone, MVC = Middle Volcanic Zone, and EVZ = Eastern
Volcanic Zone. Modified after Sinton et al. (2005), Eason et al. (2015),
and Saemundsson et al. (2010)
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are by far the dominant lava morphology but a ā lavas are
found as well (e.g., Rossi 1997; Thordarson and
Höskuldsson 2008; Pedersen et al. 2017). We investigated
the internal structure of pāhoehoe from a quarried lava-rise
plateau, topographically elevated by 3–5 m in comparison
with its surroundings, at the Hafnarhraun lava flow field,
Western Volcanic Zone of Iceland (Fig. 1). The outcrop seg-
ment examined is a 7–8.5-m-high quarry wall that dissects an
elongated pāhoehoe lobe approximately along its crest.
The Hafnarhraun lava flow field is composed of pāhoehoe
flow lobes with abundant lava tubes and tumuli. Sinton et al.
(2005) defined Hafnarhraun as a separate unit from the neigh-
boring Heiðin há and Leitahraun lava flow fields. The exact
age of the Hafnarhraun is unknown, although it is clearly post-
glacial (younger than ~ 13 ka) and older than the neighboring
Heiðin há lava flow field (Jónsson 1978), for which 14C ages
indicate a maximum age around 10.3 ka (Sinton et al. 2005)
and 3He exposure age a minimum of ~ 9.3 ka (Eason et al.
2015).
Materials and methods
Twenty-three rock samples were analyzed from the exposed
section of the Hafnarhraun lava lobe. The sample set includes
pieces of the upper crust (5 samples), basal crust (1 sample),
VC (2 samples), HVS (9 samples), and lava core (6 samples).
The lava core and the quenched top selvage of the lava flow
were sampled in abundance to quantify chemical variation in
the host lava outside the segregations. Two samples of the
extensive lowermost HVS were taken 5 m apart to evaluate
homogeneity of the unit.
The major and trace element composition of the samples
was analyzed with PANalytical Axios mAX 4kW WD-XRF
from glass beads at the Department of Geosciences and
Geography, University of Helsinki. The rock samples were
crushed to chips (2–5 mm in diameter) using an iron-jawed
crusher, wet-sieved with deionized water to reach the 1–5 mm
fraction, and fine-powdered with agate-mill. Glass beads were
fused using a sample-flux ratio of 1:10 (0.600 g ± 1mg sample
and 6.000 g ± 1 mg Li-borate ultrapure flux: 49.5 wt%
Li2B4O7, 49.5 wt% LiBO2, and 1.0 wt% LiBr). The measure-
ment application in SuperQ 5 software was set up for mini-
mized line-overlap issues (maximum accuracy) and calibrated
with 20 basalt to granite natural rock certified reference mate-
rial (CRM) standards that were prepared identically to the
unknown samples. The application contained corrections for
background, selected line-overlaps, and a fixed-alpha matrix
correction table that was calculated for andesitic composition.
A total analysis time of 2.5 h per sample was used for high
precision results. Sample 33TH15 was repetitively analyzed
for 20 times, which revealed standard deviations of <
0.05 wt% for major oxides (cf. Online Resource 1).
To evaluate the amount of mineral phases and vesi-
cles in various structures within the lava lobe, 1.5 ×
2.5 cm areas in six thin section samples were point
counted (600 points in total) with a standard electrome-
chanical point counter (cf. Table 1). In addition, the
composition of rock-forming minerals was determined
by using a JEOL JXA-8230 electron microprobe at the
University of Iceland. In total, 192 spots were measured
from thin sections of four samples (11TH15-G, 11TH15-
D, 33TH15, and 35TH15), 75 from plagioclase, 52 from
olivine, and 65 from clinopyroxene (cf. Online Resource
1). Beam current and acceleration voltage were set at 15
nA and 15 kV, respectively. An electron beam diameter
of 5 μm was used for plagioclase analyses, and a fo-
cused beam when measuring clinopyroxene and olivine
compositions. To check for instrumental drift, crystals of
known composition were analysed in regular intervals.
To understand the formation of the segregation structures,
we modelled the fractional crystallization of the host lava
using COMAGMAT-5.2.2. (Ariskin 1999; Ariskin et al.
2018) software that utilizes phase equilibria to calculate phase
compositions in mafic silicate melts. All calculations were
performed at FMQ (the fayalite–magnetite–quartz buffer),
at 1 atm crystallization conditions, and the model of Kress
and Carmichael (1991) was used to calculate the activities
of Fe3+ and Fe2+ species in the melt phase. We also uti-
lized Rayleigh fractionation (Rayleigh 1896) of incompat-
ible elements to evaluate the amount of fractional crystal-
lization required in the host lava to generate segregations.
According to Rayleigh fractionation, if an element is in-
compatible to crystallizing phases, its content in residual
liquid (CL) is the element content in initial host lava (CH)
divided by liquid fraction. Hence, the crystal fraction (FC)
at the time of melt separation can be calculated as FC = 1
− (CH/CL).
Hafnarhraun pāhoehoe lobe
Internal structure
The exposed internal structure of the lava lobe resembles that
of a pāhoehoe sheet lobe, i.e., the basal crust, the lava core,
and the upper crust (Fig. 2a) can all be identified, although
here the lava crust is unusually thick, approximately ~ 60% of
the 7–8.5 m lobe thickness. In addition, the exposed lobe hosts
abundant VC and HVS melt segregations.
The base of the pāhoehoe lobe, the basal surface, is
quenched basaltic glass (tachylite) resting directly on an ear-
lier pāhoehoe lobe (Fig. 2b). The basal crust is 10–20-cm-
thick and contains an abundance of pipe vesicles (cf. Walker
1987). The pipe vesicles are present in clusters, and they seem
to transform to VC that extend into the lava core above (Figs.
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2b and S-2 in Online Resource 2). The lava core is approxi-
mately 3-m-thick and comprised of massive lava with numer-
ous VC commonly transcending the core (Figs. 2a, b and S-3
in Online Resource 2). At a height of 3 m, the VC connect to a
4–7-cm-thick HVS with a lateral extent of ~ 15 m (Fig. 2a).
Above this horizon, we define the boundary between lava core
and upper crust (height = ~ 3.15 m), i.e., below this level, the
lava was mostly liquid when the input of fresh magma into the
lobe came to halt. This is supported by the change in jointing
and vesiculation in the lava and by the fact that continuous VC
are nonexistent above this level. The lower 3 m of the lava
crust is poorly vesicular, but contains multiple MVand HVS
(Figs. 2a and S-4 in Online Resource 2). The top 2 m of the
upper crust, in turn, is highly vesicular, and variations in ves-
icle sizes define horizontal banding, as common in pāhoehoe
(Self et al. 1998). The very top of the lobe is defined by up to
1-cm-thick glassy selvage and often features well-preserved
ropy domains. Jointing in the examined lava section is dom-
inantly uneven and blocky, especially in the lava core (Fig.
2a). Systematic vertical jointing becomes less evident with
depth in the lobe, being the strongest at the top 2 m of the
flow, and sparse and often curved in the lava core. Maximum
horizontal jointing is present in the lower parts of the upper
crust (Fig. 2a).
Melt segregations in the lava core and upper crust
differ from the host lava by their high vesicularity (23–
33 vol%) and darker color (Fig. 2). The boundaries be-
tween the host lava and the segregations are sharp (Fig.
2c, d), whereas the vesicularity in the upper crust has a
gradational boundary to the underlying lava. VC are con-
tinuous cylindrical structures that extend from the basal
crust to the lowermost extensive HVS that is 3 m above
the lava base. In the lowermost 0.7 m of the lava core,
the VC are inclined in the direction of flow (Fig. 2b).
Above this level, they are vertical and their diameter
varies relative to their height in the lobe: 1 cm close to
the base of the crust (Fig. 2b) and ~ 3–4 cm at 2 m
height (Fig. 2c). VC can locally occupy 10–22% of the
surface of the quarry wall in the lava core, but they are
scarce above the lowermost HVS (i.e., above ~ 3 m),
with only one discontinuous VC-like bubble trail, which
was not sampled, found from the upper crust. In the
upper crust, the abundant HVS are at most 3 m in lateral
extent and 35 cm in height, and they often have a pod-
like character with thick center and tapered edges (Figs.
S-4 and S-5 in Online Resource 2). Unlike the laterally
extensive lower-most HVS that is linked to the VC in the
lava core, there is no visible connection between HVS in
the upper crust and the underlying segregation system at
least on the plane of the quarry face.
HVS within the Hafnahraun lava lobe can be divided into
two types based on their petrography and whole-rock chem-
istry: less-evolved type 1 HVS (HVS1) and more-evolved
type 2 HVS (HVS2). In outcrop, we could not distinguish
these two sheet types from each other, although hand samples
of HVS2 are slightly darker due to their finer, often microcrys-
talline, groundmass (Fig. 3f). The lowermost extensive HVS
is of type 1, but otherwise, HVS1 and HVS2 are located ran-
domly in the upper crust. Both can contain overlying
megavesicles. In one instance, HVS2 (sample 34TH15-B)
was found overlying HVS1 (sample 34TH15-A). We identi-
fied these two HVS from each other only during sample prep-
aration due to the darker tone of the overlying HVS2 (Fig. S-6
in Online Resource 2).
Petrography and mineralogy
Point counting results of mineral phases in the different litho-
logical units are shown in Table 1, and photomicrographs of
the respective units are given in Fig. 3. Olivine, plagioclase,
and clinopyroxene compositions in the lava lobe are illustrated
in Fig. 4 and given in Online Resource 1.
Table 1 Point counting results,
vesicularity and modal
mineralogy (vol%), of units
within Hafnarhraun pāhoehoe
lobe
Lava core Basal crust VC HVS1 HVS1 HVS2
Sample ID 11TH15-G 49TH16 11TH15-D 31TH15 33TH15 35TH15
Height (m)a 1.7 0 1.7 3 4.55 4.1
Porosity (%) 12 15 33 30 37 23
Ol-ph 11 6 13 5 0 0
Ol 8 4 7 5 6 0
Plg 43 21 42 46 42 33
Cpx 28 0 31 30 34 33
Oxides 5 0 3 8 9 13
Glass 5 69 3 6 9 20
a Sample height from the bottom of the lava flow (max 8 m)
VC vesicle cylinder, HVS1 type 1 horizontal vesicle sheet, HVS2 type 2 horizontal vesicle sheet, Ol-ph olivine
phenocryst, Ol groundmass olivine, Plg plagioclase, Cpx clinopyroxene
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The quenched basal selvage of the Hafnarhraun lava lobe is
hypohyaline with 4 vol% olivine phenocrysts and varying
amounts of 50–300-μm-long plagioclase microphenocrysts
and small (sub 100 μm in diameter) vesicles in a glassy
tachylite groundmass (Fig. 3a). Occasionally, olivine pheno-
crysts and plagioclase microphenocrysts form glomerocrysts
(Fig. 3a). The average size of plagioclase microphenocrysts
increases, and the groundmass becomes increasingly crystal-
l i ne away f rom the basa l con tac t . P l ag ioc l a se
microphenocrysts do exist even at the very bottom contact
of the lava, implying plagioclase crystallization before the
lava flow came to halt. The vesicle size in the basal crust is
also larger higher up near the lava core so that up to 1 cm
vesicles are found 2 cm from the quenched basal contact.
The holocrystalline lava core contains 11 vol% olivine phe-
nocrysts in a groundmass featuring a well-developed
subophitic texture of Ca-plagioclase and augite along with
groundmass olivine, ilmenite, and magnetite (Fig. 3b).
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Irregular-shaped vesicles occupy 12 vol% of the lava core and
are typically 0.2–1.0 mm in diameter (Fig. 3b), although rare
vesicles up to 5 mm in diameter also exist. Vesicles are com-
monly mantled by microcrystalline groundmass. There are
also some rare (< 0.5 vol%) < 200 μm angular voids and
interstitial glass pockets with small anhedral apatite and skel-
etal magnetite. In the lava core, phenocryst and groundmass
olivine crystal cores are Fo77–79 and Fo39–69, respectively, in
composition (Fig. 4a), the plagioclase crystal cores are An65–
77 (Fig. 4b), and augite compositions vary between
En38Fs28Wo34 and En47Fs15Wo39 (Fig. 4c). Olivine pheno-
crysts commonly have variably thick Fo29–72 rims occasion-
ally grow to the surrounding groundmass partly enclosing tips
of plagioclase laths. In all examined samples, segregations
included, magnetite shows subsolidus exsolution to ilmenite
forming trellis-type lamellae.
The segregations are distinguished from the lava core and
crust by abundant rounded vesicles (23–33 vol%), by slightly
darker color, and by larger grain size, especially evident when
comparing the size of plagioclase laths (Fig. 3c, d, and e). The
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Fig. 3. Photomicrographs in plane-polarized light showing textures of
units in the Hafnarhraun lava lobe. a Basal selvage of the basal crust
(sample 49TH16). b Lava core (sample 11TH15-G). c Vesicle cylinder
(VC, sample 11TH15-D). d Type 1 horizontal vesicle sheet (HVS1, 3 m
above the base of the lava, sample 31TH15). e HVS1 (4.5 m above the
lava base, sample 33TH15). f Type 2 horizontal vesicle sheet (HVS2, 4.1
m above the lava base, sample 35TH15). For clarity, olivine phenocrysts
and microphenocrysts are outlined in green and vesicles in yellow (except
for image “a” with abundant small vesicles). Scale for all panels is in
panel a
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mineral assemblages in VC and HVS1 are, however, almost
identical to those in the lava core with subophitic Ca-
plagioclase and augite, and olivine phenocrysts (Table 1,
Fig. 3). The amount of olivine phenocrysts decreases from
VC (13 vol%) to HVS1 (0–5 vol%). The composition of ol-
ivine, plagioclase and augite in the lava core, VC, and HVS1
overlap, although HVS1 seem to lack the most primitive cal-
cic variety of plagioclase (An76–71) present in the lava core
and VC (Fig. 4b), and augite in HVS1 tends to bemore ferrous
(Fig. 4c) compared to VC and lava core.
The HVS2 are, on thin section scale, petrographically dis-
tinct in comparison with all other units in the lava lobe
(Table 1, Fig. 3f). They are nearly devoid of olivine (only a
few grains) and display a texture of flow-aligned plagioclase
in a groundmass of augite, euhedral magnetite and ilmenite,
and microcrystalline glass with skeletal magnetite (Fig. 3f).
Plagioclase in HVS2 is relatively sodic (An<63, Fig. 4b), and
augite crystals in the HVS2 are distinctively Fe-rich (Fs>25,
Fig. 4c). At the contacts of HVS2 and the host lava, plagio-
clase laths are aligned parallel to the contact in
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microcrystalline matrix. The rare olivine crystals found from
HVS2 in the studied thin sections were anhedral and mantled
by oxide.
Whole-rock geochemistry
The whole-rock geochemical variation in the Hafnarhraun lobe
is illustrated in Fig. 5 and Fig. 6, and the analytical data can be
found in Table 2 and Online Resource 1. The lava core is
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olivine tholeiite with a magnesium number (Mg# = molar 100
× Mg/(Mg + Fe2+), Fe2+ = 0.9Fetot) of 60–61, with one sample
(42TH15) from underneath the extensive lowermost HVS with
a more MgO-rich composition (Mg# = 64). The basal and
upper crust samples from the top and bottom of the flow have
consistently lower Mg# (57–58) than the lava core (Fig. 6).
VC show only slight compositional difference from the
lava core or crust samples (Fig. 5, Table 2). Although they
are somewhat richer in FeOtot, TiO2, K2O, Na2O, P2O3, and V,
and poorer in Al2O3, CaO, and Cr compared to the lava core,
their MgO content and many of the trace elements are nearly
the same as in the lava core samples. From the two samples
taken from VC, the stratigraphically higher of the two is
slightly more ferrous and incompatible element enriched.
HVS1 have Mg# 46–54, whereas HVS2 have Mg# equal
or below 35. The compositional gap between these two seg-
regation sheet types is notable in all major elements (Fig. 5).
The FeOtot of the HVS1 peak at 14.3 wt%, whereas HVS2
reach 19.1 wt% FeOtot. The HVS2 also have the highest con-
centrations of incompatible elements, notably Zr, Y, and V,
and strikingly low Cr in comparison with other sample types
(Table 2). Both HVS1 and HVS2 tend to have more FeOtot
and incompatible element upward in the lobe. This is the
clearest in the variation in Mg# (Fig. 6), but can also be illus-
trated by plotting other elements.
Discussion
Time constraints of lava lobe formation
It is crucial to understand the temporal relationships of the units
in the lava lobe. According to Hon et al. (1994), the downward
solidification of pāhoehoe upper crust is progressive during
lava emplacement, and hence, the final thickness of the upper
crust (Hc, in meters) can be related to the emplacement time of
the lobe (t, in hours) by t = 164.8 × Hc
2. Based on this, the
downward solidification of the Hafnarhraun upper crust took
around 160 days (Fig. 2a), after which the lava core would have
taken about a further month to solidify completely.
Consequently, if we interpret that at least the HVS1 represent
accumulations of VC to the base of the gradually solidifying
upper crust (as usually done, cf. Self 1998), HVS1 higher in the
crust must have formed before HVS1 lower in the crust (Fig.
2a). In addition, as the lava core is the last part of the lobe to
solidify, segregations within it are the youngest.
Temporal evolution of the host lava
In the studied Hafnarhraun lava lobe, the lava core is more mag-
nesian than the crust (Fig. 6). This compositional variation sug-
gests more olivine in the lava core than in the crust. Addition of ~
3 wt% of Fo76 olivine (the average composition of olivine phe-
nocrysts in the lobe) to the crust delivers the composition of the
lava core (olivine-accumulation vector in Fig. 5). Sample
42TH15, taken from the lava core just below the lowest extensive
HVS, is particularly rich in MgO (11.7 wt%, Fig. 5), and its
composition suggests ~ 10 wt% relative enrichment in olivine.
Gravitational settling may have enriched the lava core in olivine
phenocrysts during the lifespan of the lobe. Additionally, the lava
in the lava core may have been hotter and thus richer in olivine-
forming elements than the lava that formed the crust. The lava
that formed the crustal selvages had probably cooled and frac-
tionated olivine on transit from the vent. The lava core, however,
represents a later phase in the effusive sequence, when lava likely
movedwithin awell-insulated lava tube network. Because of this
enhanced insulation (cf. Harris and Rowland 2009), melt in the
lava core may have stayed hotter, fractionated less olivine, and
remained rich in MgO.
Differentiation of segregations by fractional
crystallization
To evaluate whether the melt segregations in the Hafnarhraun
pāhoehoe lobe are differentiated melts produced by fractional
crystallization of the lava lobe, we modeled the fractional
crystallization of the lobe and composition of derivate melts
along the liquid line of descent (LLD, Fig. 5) with
COMAGMAT-5.2.2. (Ariskin 1999; Ariskin et al. 2018) soft-
ware. As the non-fractionated initial lava composition, we
used the average composition of the quenched top and bottom
lava selvages (solid line in Fig. 5), referred as “host lava”
herein. As discussed earlier, the chemical variability within
lava core and crustal units is controlled by the amount of
liquidus olivine (either as phenocrysts or in the melt), which
is the first crystallizing phase. Hence, the LLD trajectory is
rather indifferent to the selection of initial composition from
the available crust and lava core samples. We also calculated
the composition of residual melts generated in fractional
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crystallization of a VC-like initial melt, as these were the best
fits for HVS1 compositions (stippled line in Fig. 5). The order
of fractionating phases is olivine, olivine + plagioclase, oliv-
ine + plagioclase + augite, and olivine + plagioclase + augite +
magnetite. The first modeled mineral on liquidus is Fo80 oliv-
ine that develops to Fo78 before An78 plagioclase is stabilized.
The first modeled augite to fractionate has the composition of
En46Fs13Wo40. This modeled crystallization assemblage cor-
responds well to the observed phenocryst and groundmass
mineralogy in the Hafnarhraun lava lobe (compare to Fig. 4).
The VC in Hafnarhraun are compositionally nearly similar
to the lava core and crust (Fig. 5), and thus differ from the VC
reported elsewhere that correspond to residual melts after 36–
60% crystallization of the host lava (Rogan et al. 1996;
Stephenson et al. 2000; Hartley and Thordarson 2009;
Sigmarsson et al. 2009). In fact, the Hafnarhraun VC do not
correspond to any likely residual melt produced by fractional
crystallization of the host lava, as the expected fractionate
from olivine tholeiitic magma always depletes the residual
liquid in MgO (Fig. 5). However, crystallizing and removing
~ 9 wt% An75 plagioclase from the host lava results in a VC-
like composition with relatively highMgO (9.6 wt%) and FeO
(13.5 wt%), low CaO (10.8 wt%), and Al2O3 (13.01 wt%)
along with minor enrichment in incompatible elements (Fig.
5).
The major oxide composition of HVS1 resembles that of
VC that were fractionated further and lost most or all of their
olivine phenocryst cargo in the process (Fig. 5, stippled line).
This is consistent with the fewer olivine phenocrysts in those
HVS1 that are positioned higher in the lava lobe. Depending
on the initial composition (host lava or VC, solid or stippled
line in Fig. 5), our fractional crystallization models produce
HVS1-like residual liquids after either 17–38 wt% (host lava)
or 11–23 wt% (VC) fractional crystallization. Rayleigh frac-
tionation of TiO2 and Zr, in turn, suggests host lava crystal-
linity of 13–39 wt% before segregation of the HVS1 forming
residual melt.
HVS2 represent the most fractionated liquids of the ana-
lyzed section, and their composition fits that of simple residual
melts of the host lava generated by fractional crystallization.
The model residual melts attain HVS2-like compositions after
~ 50–60 wt% fractional crystallization from the host lava,
corresponding to removal of 12–13 wt% olivine, 24–28 wt%
plagioclase, and 12–17 wt% augite (Fig. 5). Correspondingly,
relative enrichment in TiO2, K2O, and Zr in HVS2 suggests
53–57 wt%, 36–50 wt%, and 56–67 wt% crystallinity in the
host lava, respectively, before residual melt segregation.
Co-genetic formation of VC and HVS1
We have shown that VC compositions in Hafnarhraun do not
correspond to any expected residual melt produced by frac-
tional crystallization of the host lava. Comparable VC that doTa
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not represent simple differentiated liquids of the host lava
have been reported earlier by Caroff et al. (2000) and
Kuritani et al. (2010). Caroff et al. (2000) published segrega-
tion compositions that included a VC (TB10B) with a com-
position similar to its host lava. They noted that this VC is
cumulative in olivine phenocrysts, but did not discuss its gen-
esis further. Kuritani et al. (2010) reported VC enriched in
both incompatible elements and MgO compared to the sur-
rounding lava, and envisioned that these VC were formed by
selective fractionation of plagioclase and pyroxene from the
lava when olivine-bearing interstitial melt was extracted from
partly crystalline lava core. The Hafnarhraun VC are reminis-
cent of those reported by Kuritani et al. (2010), as selective
crystal fractionation applies as a first-order explanation for the
composition of Hafnarhraun VC as well.
As we envision it, the simplest, yet probably unrealistic
model to explain the composition of Hafnarhraun VC, is illus-
trated in Fig. 7a. In this model, olivine crystals and residual
liquid are separated from a crystal mush near the lower crys-
tallization front of the lava base, while plagioclase (9 wt%)
remains in the lava base. This model of genesis, although able
to reproduce the detected depletion in plagioclase bearing el-
ements in VC, is problematic because of the indicated low
crystallinity of the crystal mush during VC segregation (~ 16
wt%), and we struggle to understand how dense olivine phe-
nocrysts were drawn to the upwelling VC while plagioclase
was not. Hence, we propose an alternative model, illustrated
in Fig. 7b, in which VC forming residual melt (liquid + vapor)
first segregates from olivine + plagioclase + liquid + vapor
mush near the lava base and later accumulates olivine pheno-
crysts and plagioclase microphenocrysts in ascent in the lava
core. The segregation of VC melt must have occurred after a
minimum of ~ 13–16 wt% fractional crystallization of ~ 6–7
wt% olivine + ~ 7–9 wt% plagioclase near the lava base, and
in this scenario, only ~ 5–6 wt% olivine phenocrysts needs to
be added to the VC in the lava core to reproduce the observed
VC composition. Anyhow, it is likely that the crystallinity
near the lava base must have been higher (up to 25%) to allow
effectively melt+vapor separation from the crystal phases
(Philpotts et al. 1998). In this scenario, more olivine and var-
iable amounts of plagioclase must have accumulated in VC
while it was forming in the liquid lava core (Fig. 7b). The
detected 13 vol% olivine phenocrysts in VC indicate high
amount of olivine accumulation to VC in the lava core, but
can also be, at least partly, attributed to the in situ growth of
the olivine phenocrysts within VC.
In the two-stage model of VC formation outlined in Fig.
7b, the depletion in plagioclase bearing elements in VC re-
flects different levels of crystallization between the base of the
lava (origin of VC) and lava core (source of entrained crystal
assemblage). This model of formation is easier to conceive
than selective removal of plagioclase, or selective segregation
of olivine and melt from a crystal mush (e.g., Fig. 7a). In
addition, the model is consistent with field evidence suggest-
ing VC derivation from near the lava base and strongly sup-
ported by the detected high-Fo olivine phenocrysts (Table 1
and Fig. 4a) and Ca-rich plagioclase in VC (Fig. 4b), which
are clear indications of crystal accumulation to VC.
Although only the lowermost HVS1 is visibly fed by the
underlying VC, the petrographic and compositional similarity
of VC and HVS1 suggest that all HVS1 are accumulations of
VC material to the bottom of the solidifying upper crust at
different stages of lava lobe development. In particular, the
similar CaO depletion in HVS1 and VC in comparison with
the modeled residual liquids of the host lava (Fig. 5b), and the
fact that HVS1-like melts are produced by fractional crystal-
lization of a VC-like initial composition, point to co-genetic
relationship between VC and HVS1. The increasing level of
differentiation inHVS1 composition higher up in the lava lobe
(Fig. 6) may be consequential to lesser contamination with
primitive olivine and plagioclase higher in the lobe, and pref-
erential uprising of the residual liquid in comparison with in
situ fractional crystallization assemblage in ascending VC.
Our model of two-stage formation of Hafnarhraun VC and
their co-genetic relation with HVS1 requires the lava core to
have been mostly liquid during VC ascent and HVS1 forma-
tion. Whatever the physical process that segregated VC at the
base of the lava flow—gas-filter pressing (Anderson et al.
1984), Rayleigh–Taylor instability (Costa et al. 2006), or
mushy convection (Fowler et al. 2014)—VC must have later
ascended within the lava core in a manner that allowed con-
tamination with primitive mineral phases. In addition, the lava
a selective plg fractionation
near the base of the lava
b fractionation of ol+plg near the
lava base followed by ol+plg
addition in the lava core
base of the lava
he
ig
ht
 in
 th
e 
la
va
lava core
Fig. 7. Illustration of two petrogenetic models for the formation of VC.
Pale blue circles are vapor bubbles, green hexagons olivine (ol), and dark
blue rectangles plagioclase (plg). Bottom of the images corresponds to the
lava base and top to the center parts of the lava core. a A model of
selective derivation of olivine and vapor saturated interstitial melt from
ol+plg+melt+vapor mixture near the base of the lava, i.e., plagioclase is
fractionated from the host lava to form VC. b Our preferred model of
intercrystalline melt sequestering from ol+plg+liquid+vapor mush near
the lava base followed by olivine and minor plagioclase addition in the
lava core
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core must have been fairly liquid to facilitate horizontal
spreading of HVS1 below the lower crystallization front of
the upper crust.
Formation of HVS2
HVS2 are chemically and mineralogical distinct from VC and
HVS1, and their composition suggests that they are segregated
residual melts of the lava lobe. The sample 34TH15 with a
HVS1-type lower and HVS2-type upper part could be seen
suggestive of HVS2-like residual melt derivation from HVS1.
However, expulsion of sufficient residual melt from the un-
derlying HVS1 (34TH15-A) to make the HVS2-like upper
part (34TH15-B), which is 10–30% of the total sheet volume,
should have effectively depleted the underlying HVS1 of in-
compatible elements and we do not see this. In all, we did not
locate incompatible-element-depleted layers of “solid resi-
due” from the upper crust or lava core from which the
HVS2 residual melt was removed. Hence, it is likely that the
segregation of HVS2 mobilized residual melt over a relatively
large area in the lava lobe and the chemical depletion related to
removal of HVS2 melt was widely distributed. HVS2 likely
formed at a late stage of lava flow cooling, when residual
melts of the lava lobe seeped into megavesicles and other
voids within the upper crust by gas-filter pressing (Anderson
et al. 1984) or other mechanism. Megavesicles are very com-
mon in the top part of HVS1, and this could explain why
HVS2 formed directly on the top of HVS1 in sample 34TH15.
Differentiation of Hafnarhraun pāhoehoe lobe
A model of the evolution of the Hafnarhraun lava lobe is
shown in Fig. 8. During periods when lava effusion within
the lobe shortly stalls or weakens, VC form in response to
the separation of vapor-saturated liquids from the solidifying
lava base and act as sites of material transport from the bottom
to the top of the lava core. During these magmatic lulls, po-
tentially extensive HVS1 are generated as VC-fed material
accumulates beneath the lower solidification front of the upper
crust (Fig. 8c). However, only a small portion of the HVS1 are
preserved in the Hafnarhraun lava flow, as pulses of new mag-
ma entering the lava tube system occasionally flush the
a flow emplacement, day 0 b inflation, day 1 c fully inflated lobe and formation of
the first HVS1, day ~30
d Pulse of magma flushes the lava core,
and formation of the first HVS2, day ~40.
e Input of magma ceases, formation of the
lowermost HVS1, day ~160.
f final cooling of the lava lobe
Fig. 8. Cartoon depicting the evolution of the Hafnarhraun pāhoehoe
lobe from emplacement to solidification. Vesicular portion of the upper
crust is marked in cross-hatching, basal zone in black, and segregation
features in beige (VC and HVS1) and brown (HVS2). Megavesicles
illustrated as hollow shapes in the upper crust. The blue arrow depicts
the magma flow intensity and direction within the lava, and the blue
stippled line marks the level of solidification front(s). Stages of
development: a Emplacement of a lobe. b Lobe inflation. c As the input
of new magma to the lobe is limited, crystallization commences near the
base of the lobe and VC form. Some VC ascent to the base of the upper
solidification front forming HVS1. d Pulse of new fresh magma to the
lava lobe disturbs the formation of segregations and flushes the lava core;
relicts of HVS1 segregations are preserved. Unrelated to this event, the
first HVS2 is formed high in the upper crust, as highly evolved interstitial
melts seep to a deflating gas pocket above HVS1. e After months of
variable effusion rate in the lava lobe, fresh magma is no longer
delivered to the system, and the lowermost extensive HVS1 is formed. f
Final cooling and crystallization preserves VC in the lava core, and
further HVS2 are formed in the upper crust
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crystallizing core of the segregation features (Fig. 8d). The
lowermost HVS1 remains extensive, as it forms during the
final stage of lava cooling as the lava lobe becomes inactive
(Fig. 8e). HVS2 form independently of VC, as vesicular re-
sidual melts seep to void spaces in the upper crust (Fig. 8d–f)
in later stages of the lobe cooling. The two different mecha-
nisms of HVS formation, now identified within a single lava
flow, may explain some of the diverging observations of HVS
development in earlier studies, compare, for example, Hartley
and Thordarson (2009) and Kuritani et al. (2010).
Magma differentiation in crustal magma storage
zones
Volatile-driven magma differentiation, at least partly analogous
to segregation formation in Hafnarhraun, may take place in
shallow crustal magma storage zones (e.g., chambers and sills)
and has been evoked to explain silicic segregation lenses and
sheets in intrusions (Carman 1994; White 2007; Zavala et al.
2011) and formation of crystal-poor FeTi-basalts (Sigmarsson
et al. 2009). Andesitic to rhyolitic magmas are most likely to
experience crystal–melt separation aided by volatiles due to
their high volatile content and expansion during vapor exsolu-
tion (Sisson and Bacon 1999; Parmigiani et al. 2016), but also
basaltic magma may be affected, at least during slow ascent in
conduits and in intrusions at shallow crustal levels.
Additionally, upper crustal magmas may feature vapor-aided
convection (or “bubble-driven convection”, cf. Cardoso and
Woods 1999) that could occur in a similar manner to that ob-
served within the Hafnarhraun lava lobe, i.e., driven by VC
accommodated mass transfer from the bottom to the top of
system. This vapor-aided mass movement could explain, in
some cases, signs of convection in small and shallow intrusions
that are not expected to undergo significant thermal convection.
We have demonstrated that the Hafnarhraun VC are not
simple residual liquids of the host lava, generated by fraction-
ation of equilibrium mineral phases, but residual liquids that
have accumulated primitive olivine and plagioclase. Volcanic
rocks with crystal cargoes of more primitive character than in
equilibrium with the carrier melt are common (e.g., Davidson
et al. 2007; Thomson and Maclennan 2013; Neave et al.
2015). Usually, these primitive crystals are thought to accu-
mulate to evolved melts from disaggregated crystal mushes;
however, in the Hafnarhraun lava lobe, VC accumulated prim-
itive crystals from the nearly liquid portion of the lobe when
VC-melts ascended through it. Although the accumulation of
primitive phenocrysts to magmas often occurs in mid- to
lower-crustal settings, and significant vapor is unlikely to be
present at these pressures in most basaltic magmas, the
Hafnarhraun VC are a novel example of crystal accumulation
and basalt differentiation, applicable to at least shallow crustal
settings.
Conclusions
Our work gives additional support to the concept of lava
degassing as a significant differentiation mechanism in
pāhoehoe lavas. We found that the Hafnarhraun VC are not
simple segregated residual melts of the host lava, but rather
formed in a two-stage process involving separation of vapor-
saturated residual melt in the crystallizing base of the lava
followed by accumulation of primitive crystals in the nearly
liquid lava core. Furthermore, we suggest that the
Hafnarhraun HVS formed by two different processes: (i) ac-
cumulation of VC-transported segregated material to the low-
er solidification front of the upper crust at the top of the lava
core and (ii) later seepage of evolved and vapor-saturated
melts into void spaces in the upper crust of the lava lobe.
Overall, exsolution of volatiles promotes transfer of residual
liquid from the bottom to the top of a crystallizing pāhoehoe
lava core in thick, slow-cooling lobes. In shallow crustal
levels, similar processes may drive mass transfer and
crystal–melt separation in magmatic intrusions, potentially
promoting crystal accumulation in segregated residual melts
and leading to differentiated magma compositions not expect-
ed by fractionation of equilibrium mineral phases.
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